In this work, the electrodeposition and characterization of 1D CuInSe 2 (CIS) nanostructures formed by the assistance of porous silicon (PSi) templates is presented. The formation of CIS was found to be potential dependent on the specific substrate being used. The filling process of the pores of PSi template was studied directly by the current transient response during electrodeposition of nanostructured CIS and results were compared with FE-SEM images. CIS nanostructures were fully characterized by using FE-SEM, FIB, XRD, and Raman spectroscopy, in order to know their physical properties.
Introduction
CuInSe 2 (CIS) is an important semiconductor material for thin film solar cell applications, its efficiency is dependent on its band gap value, commonly modified by the substitution of In by Ga [1] . However, it is well known that in general materials physical properties can be tuned especially when considering low dimensional systems, e.g. one-dimensional structures such as nanowires, and in the case of semiconducting materials the band gap value can be tailored by varying the diameter of the nanowires according to P. Liu et al. [2] . In fact, it is very common to use the Anodized Aluminium Oxides (AAO) template approach to grow nanowires of different materials. Several groups have used AAO templates to prepare metallic nanowires [3, 4] and nanostructured semiconductor materials such as CIS [2, [5] [6] [7] [8] [9] , CdS [10, 11] , and Hg 1−x CdxTe [12] . However, there are also a few reports about using porous silicon (PSi) templates to prepare nanowires of metals [13, 14] but almost nothing on using PSi templates to grow nanowires of semiconducting materials. One of the main advantages of PSi is the availability of a wide range in pore average diameter from the microporous range <2 nm, mesoporous range from 2-50 nm and the macroporous range >50 nm, according to IUPAC. Due to this versatility, PSi offers the adequate range of pore size diameter to obtain nanostructured semiconductor materials such as CIS, where one expects that the confinement effect allows an effective increase of the band gap value in the same manner achieved for Cu(In,Ga)Se 2 . According to the Brus Equation (1) the increment can be calculated by:
where E is the new band gap value for nanostructured semiconductor material, Eg the band gap value of bulk semiconductor, r is the nanoparticle radius in general, and µ the charge carrier reduced mass [15] . In fact, the fabrication of high-quality nanostructured CIS has been a significant research challenge and this has been basically the motivation for us to use the assistance of PSi templates. We have chosen the electrodeposition technique to obtain CIS nanowires using the template assistance and the bottom-up approach. The main advantages of ED technique are the possibility to synthesize materials inside the pores of PSi at a specific potential value which as we will see later on, depends on material and type of substrate. Moreover, the deposition process takes place at room-temperature and atmospheric pressure. ED also allows good control of deposition.
Nanostructured CIS can also be used for biomedical imaging as an alternative to Cd-based materials, opening new and interesting applications [16] . Furthermore, pre-cursor phases of copper selenides (CuxSey) leading to the formation of CIS can also be used for photothermal therapy due to its photoinduced heating when excited by NIR light at 800 nm, as was demonstrated by Hessel et al. [17] .
Experimental

Samples preparation
The PSi layers were prepared by electrochemical etching of p-type boron-doped (100) c-Si wafers, with resistivity value of 10±3 mΩ·cm. The c-Si substrates (∼1.3 cm 2 ) were cleaned first with ethanol and DI water using an ultrasonic bath and then submerged in a 10% HF solution to eliminate native oxides. The electrochemical etching was carried out using an electrolyte based on HF (40%) and ethanol (99.98%) in the volumetric ratio of 3:7. A power supply (Keithley model 2400) was used to deliver the current. PSi layers were obtained by applying a current density (J) of 20 mA/cm 2 over 1.0 cm 2 of exposed area (S)
of the c-Si substrate. The thickness of the PSi layers can be controlled by controlling the electrochemical etching time [18] . After performing the electrochemical anodization on c-Si substrates to obtain the PSi layers, we applied high current density values during a few seconds in the electropolishing regime (Je >600 mA) to detach the PSi layer. Then the detached PSi layer is transferred to a glass substrate coated either with a transparent conductor oxide (TCO), in this case a 500 nm SnO 2 :F layer, from Pilkington Group Ltd or a sputtered 700 nm Mo layer to form the new glass/TCO or Mo/PSi template substrate [19] . The size of the active free-standing PSi layer was close to 0.5 cm 2 .
ED of CIS on glass/TCO/PSi templates was carried out using an acidic aqueous buffered bath containing 2.56 mM CuCl 2 , 9.6 mM InCl 3 , 5.5 mM H 2 SeO 3 and 1 M LiCl used as supporting electrolyte, baths were buffered using a pHydrion buffer of pH 3.00 [20] . The electrodeposition process of CIS is performed using a three-electrode ED setup system. A Pt mesh was used as the counter-electrode, a saturated calomel electrode (SCE) was used as the reference electrode; glass/TCO, c-Si wafer and glass/TCOor-Mo/PSi template substrates were used as the working electrode. ED processes were carried out using a Voltalab model PGZ301 DYNAMIC-EIS potentiostat, at constant potential and 25°C from a non-stirred bath. The electrochemical cell was connected to a water jacket circulator from Polyscience Ltd, with control of temperature in the range of −15 to 150 ∘ C, which was used to ensure a constant temperature during the whole deposition process and cyclic voltammetry studies.
Materials characterization
The gravimetric method was used to calculate the porosity (P) or air fraction in PSi layers as a function of current density (J) value [18] . A field emission scanning electron microscopy (FE-SEM) attached to an energy dispersive X-ray spectroscopy (EDS) analytical system was used as the primary tool to characterize first the PSi template, and the new formed glass/TCO/PSi template substrates. FE-SEM also was used to study the surface morphology of the glass/TCO/PSi template/CIS structures and to get information on the infiltration of CIS into the pores we used Focus Ion Beam (FIB). X-ray diffraction studies were performed on glass/Mo/PSi template/CIS in the BB mode, using a Rigaku Ultima-IV system with a Cu Ka (A = l.54 Å) radiation. Raman studies were also performed using a Horiba Jobin Yvon (HR) LabRaman Spectrometer equipped with a microscope and a 10 mW He-Ne laser with an emission line of 632 nm.
Results and Discussion
In this work, 2.5 µm-PSi layers of ∼70% porosity and 20 nm pore size diameter fulfilled the pore diameter, conductivity and mechanical strength requirements to be used as PSi templates. Figure 1 shows a FE-SEM image of a freshly prepared PSi layer with an average pore size diameter ∼20 nm. The above mentioned conditions were established after optimization of anodization parameters. PSi layers of different thicknesses (from 10-1 µm) were prepared and peeled-off from the c-Si wafer, and transferred to the glass/TCO substrate [19] . However when performing the CV to the glass/TCO/PSi templates (of 10 and 5 µm) we realized that the voltammograms did not resemble the ones performed on glass/TCO or c-Si wafer, besides the highest current registered was very low (−0.15 mA). After analyzing those prepared samples we found out that they were composed mainly of CuxSey, which means that the deposition mechanism was different and no CuInSe 2 was formed. However for 2.5 and 1 µm PSi layers the voltammograms were somehow very similar to that performed on glass/TCO. For the case of c-Si wafers, voltammograms showed a shifting towards higher negative potentials but basically they preserve most of the features of that performed on glass/TCO, which was expected due to the different electrode potential between a metal and a semiconducting substrate.
Incidentally, it is important to mention that 2.5 µm PSi layers kept their mechanical strength and morphology, even after being detached from the c-Si wafer substrate and being transferred to the glass/TCO substrate, when compared to the 1 µm PSi layer.
CV data give information about the reaction mechanism and formation of CIS on the substrates used; CV studies were performed on glass/TCO and c-Si wafer substrates first to figure out the potential range values for the deposition of CIS on each type of substrate. The reason of using glass/TCO substrates was because we wanted to have direct comparison of glass/TCO and glass/TCO/PSi template substrates and because ultimately the electrodeposition of CIS was going to take place at the surface of the TCO through the pores of PSi template and hopefully not over the PSi template.
CV studies were performed from a bath containing Cu-In-Se ionic species, similar to that used for the electrodeposition of CIS, without stirring at 25
∘ C. Figure 2 shows the first two scans of the Cu-In-Se of the aqueous buffered baths performed on (a) glass/TCO, (b) c-Si wafer and (c) glass/TCO/2.5 µm-PSi template substrates. The appearance of peaks in the CV indicates a redox reaction as occurring at the electrode, either in solution or on the surface; the sharpness of peaks, indicates that the redox reactions are mostly related to the electrode surface. Figure 2 (a) shows a very slow current increase in the 0 to −0.3 V potential ranges where the formation of CuxSey phases and possible the formation of elemental Se occurs according to equations (2-8) [5, 21] . Then at −0.4 V there is a fast current increase in the negative direction showing the formation of a very well defined and strong peak (peak A), indicating the reduction process of Cu 3 Se 2 to Cu 2−x Se phases and the incorporation of In [5, 21] : 
Besides, Cu 3 Se 2 is known to be the first stage reduction process that leads to the formation and growth of CuInSe 2 and with the incorporation of In starting at −0.4 V in the form of In 2 Se 3 according to equations (9) (10) (11) (12) , at higher potentials more In is incorporated, leading to the formation of In rich CuInSe 2 at ∼ −0.7 V.
2In 3+ + 3Se + 6e − ↔ In 2 Se 3 (10) 
In the second scan, and all subsequent scans, at lower potential a small hump centred at −0.2 V is observed, but peak A has disappeared, this observation is in agreement to the effect observed by M.C.F. Oliveira et al. [22] 
The whole electrode reaction has been described as a multistep process [22, 24] , and the overall reaction can be written according to equation (14):
In the second and all subsequent scans of Figure 2a , peak B, now B' shifts towards more negative potential values. It is very likely that copper selenides are no longer formed at the same rate on the modified surface of the glass/TCO and that the formation of In 2 Se 3 and CuInSe 2 phases are more favoured at higher potentials. In fact, it has been found that Cu-In-Se can be obtained when the deposition potential is set between −0.4 and −0.7 V, but the growth of CIS with very close chemical composition to the stoichiometry of CuInSe 2 can be formed when using a potential between −0.5 to −0.55 V [25] . The rise in current at −0.9 V is due to the beginning of the hydrogen evolution/solvent reduction reaction.
As was previously described, PSi is going to be used only as a template to perform the ED of CIS. Because of this, it was necessary to ensure first that the role of PSi template was only to act as a guide for the active ionic species of Cu 2+ , In 3+ and Se 4+ to be reduced at the glass/TCO surface allowing them to pass all the way through the PSi template thickness. In order to verify such hypothesis, same CV studies were performed on c-Si substrates. Figure 2b shows the CV of a c-Si wafer substrate in a similar bath as in Figure 1a . Figure 2b shows a very slow current increase in the 0 to −0.4 V potential ranges. In a similar way as in Figure 2a , in this potential range the formation of copper selenide phases is expected. At −0.6 V a very small hump can be clearly observed which might be related to the reduction of elemental Se and CuSe, then an increase of current in the negative direction is observed forming a small peak centred at −0.8 V, the appearance of such peak, identified as peak A, indicates also the reduction process of Cu 3 Se 2 to Cu 2−x Se phases and the initial intake of In 3+ [22] .
In the second scan, and all subsequent scans, at lower potential a small hump centred at −0.4 V is observed, now identified as peak A', but peak A has disappeared, in a similar way as in Figure 2a . The incorporation of indium into the growing film occurs via chemical reaction with H 2 Se to form In 2 Se 3 , which is rapidly assimilated into the growing film by reaction with Cu 3 Se 2 to form CuInSe 2 . Another reduction peak at ∼ −1.6 V, peak B, is also observed in the first scan of Figure 2b , this peak might be related to the formation of CuInSe 2 besides an excess of elemental Se. However, in the second and all subsequent scans, peak B, now B', shift towards less negative potential values. It is very likely that copper selenides are no longer formed at the same rate on the modified surface of the c-Si and that the formation of In 2 Se 3 and CuInSe 2 phases are more favoured at higher potentials. Finally, a current increase is observed which starts at −1.8 V due to the beginning of the hydrogen evolution/solvent reduction reaction. In a similar way, CV scanning was performed on glass/TCO/2.5 µm-PSi template substrates in a bath similar to the above. Figure 2c shows a current increase in the potential range from 0 to −0.25 V in the first scan, and once again similar to the previous cases at lower potential values occur the formation of CuSe and possibly an excess of Se. At −0.25 V the formation of a small peak, peak A, is observed. It is evident that when comparing this first cyclic voltammogram with the previous ones of the other systems, it is quite different, which reveals that the electrode reactions occurring on the new glass/TCO/PSi substrate are not the same to those of the glass/TCO or even the c-Si wafer substrates. This effect is due to the glass/TCO modified surface where the PSi layer is superimposed over the top of the substrate. At −0.5 V a small shoulder is formed which might be related to the formation of elemental Se, and then there is a current increase forming a small peak, peak B, centred at −0.6 V, which is related to the intake of In 3+ , that reacts with H 2 Se forming thus In 2 Se 3 which transforms then to CuInSe 2 by the reaction with Cu 3 Se 2 . At −0.9 V a current increase is observed, which indicates the beginning of the hydrogen evolution/solvent reduction reaction. In the second and all subsequent scans, a similar behavior is observed as shown in Figure 2a , first a current increase and then the formation of a small peak, peak A', very close to the same potential value as in the first scan ∼ −0.25 V, indicating the formation of copper selenide phases, then an almost lineal current increase in the −0.45 to −0.6 V range, that ends with the formation of a very large peak, identified as peak B'. The sharpness of peak B' indicates that the electrochemical process is related to the electrode surface, i.e. the formation of nanostructured CuInSe 2 into the PSi template substrate. At even higher potential a current increase is observed, indicating the hydrogen evolution/solvent reduction reaction.
Comparing CV results of the aqueous Cu-In-Se electrolyte system on glass/TCO and c-Si wafer substrates, we would expect the growth of Cu-In-Se with a chemical composition very close to the stoichiometric CuInSe 2 at ∼ −0.5 V and at ∼ −1.2 V vs. SCE, respectively. So, that the hypothesis we propose was that by doing the ED at −0.5 V on glass/TCO/2.5 µm-PSi template substrates the formation and growth of CIS would be on the glass/TCO substrate surface, not onto c-Si or PSi. However, by comparing Figure 2c with Figures 2a and 2b , it becomes clear that the current values are rather low; this might be explained if we recall that the PSi template is expected to act as a physical barrier and chemically inert superimposed pattern on the glass/TCO surface, which is believed to be slowing down the formation of copper selenides and the intake of In 3+ for the formation of In 2 Se 3 which eventually will transform to CuInSe 2 by the reaction with Cu 3 Se 2 .
Moreover, most of the pores go through the whole thickness of the PSi template and contain branches of smaller size than the pore diameter, according to studies performed by Zhang et al. [26] . Such an effect can be observed in Figure 1b . So, limitations in mass transfer may arise in some pores because the path of the ions can be very tortuous in their way to reach the TCO surface throughout the PSi template thickness [27] [28] [29] . In order to compensate the low current effect, we decided to increase the deposition potential, so that instead of using −0.5 V we performed the deposition of CIS at −0.7 V on glass/TCO/2.5 µm-PSi template substrates. We deposited first a CIS film on glass/TCO substrates at the above mentioned potential to promote the incorporation of more In to the film, EDS results showed that at such potential we can obtain a film with the following composition: 23.49 at % Cu, 27.87 at% In and 48.65 at % Se. In a similar way, we expect to favour the formation of nanowires of CIS inside the PSi template. The deposition time was set to 3 min, because if the deposition is allowed to be longer, the filling up process of the pores would take place first and then they would overflow, giving the formation of caps on top of the PSi template surface until finally starting the growth of a continuous CIS layer. Figure 3 shows the FE-SEM results of the electrodeposition of CIS into the glass/TCO/2.5 µm-PSi template substrate performed during 3 min at −0.7 V. A chemical composition analysis of this sample was performed and it was found that the CIS growth inside the pores of PSi template consisted of 20.36 at% Cu, 18.84 at% In and 60.81 at% Se, as we reported previously [19] . According to the EDS results the 1D CIS nanostructures have a Cu/In ratio = 1.08 and a fairly large amount of selenium. Besides, during the electrodeposition process of nanostructured CIS within the pores of the glass/Mo/2.5 µm-PSi template substrate, we recorded the typical chronoamperometry response; current vs. time, see Figure 4 . According to this figure, four different zones can be clearly identified in the same way as Molares et al. [30] : a sharp current increase (I), related to the nucleation stage, growth of CIS nanowires inside pores with an average diameter of 20 nm of the PSi template substrates (II), pores already filled-up and caps starting to form on the top (III) and finally a continuous and homogeneous CIS layer starts to form on top of the surface of the glass/TCO/2.5 µm-PSi template substrate (IV). This last process is very characteristic in a transient current response during the growth of a CIS layer at a constant potential. Inset of Figure 4 shows the chronoamperometry graph during the electrodeposition process of a CIS thin film on a glass/TCO substrate at −0.7 V vs. SCE. Such behaviour helped us to establish the electrodeposition time needed to fill up the pores and to avoid the growth of the CIS layer on top of the PSi template substrate, which was corroborated afterwards by FE-SEM images. In our case, we found out that 3 min deposition was enough to grow and form nanostructured CIS inside the pores of PSi template substrates. In order to know more about the filling process of the PSi template with CIS we use a FIB/SEM combination system to mill and cross-section imaging a small section of the glass/TCO/2.5 µm-PSi template infiltrated with CIS. FIB/SEM imaging results are shown in Figure 5 . From these images we can observe that the ED of 1D CIS nanostructures has taken place, being able to grow nanowires of ∼300 nm along the pores of PSi template. This Figure also shows the formation of irregular growth of CIS particles along the pores of PSi template.
On the other hand, according to EDS results, ED nanostructured CuInSe 2 has excess selenium, so that in order to determine the source of that extra selenium present, we performed a qualitative Raman spectroscopy. Figure 6a shows Raman results for c-Si/p-Si, according to this graph we can observe a very intense and narrow peak located at 518 cm −1 which corresponds to the phononic mode of PSi, which is shifted from that of c-Si located at 520 cm −1 [31] .
Raman results are also shown for a typical ED CIS thin film, in this case two peaks can be easily identified, a very large and narrow peak located at 173 cm −1 which corresponds to the characteristic A 1 vibrational mode of the CIS thin film. The second is a very small and broad peak located at ∼212 cm −1 corresponds to the B 2 mode of CuInSe 2 phase according to [32] . Figure 6b , shows three intense peaks clearly observed, the largest and very narrow Raman peak located at 518 cm −1 corresponds to the phononic mode of PSi template. The other two intense and broad Raman peaks are located in the range of 100-300 cm −1 , the first peak is lo- mode of the chalcopyrite CuInSe 2 nanostructured phase, as reported by Izquierdo-Roca et al. [33] while the shoulder at 160 cm −1 has been associated to the CuIn 2 Se 3.5
phase, above than the reported value of 156 cm −1 [34, 35] .
The peak centred at 240 cm −1 is attributed to the presence of elemental trigonal Se [33, 36] while the contribution of shoulder at 260 cm −1 is attributed to CuxSey compounds [32, [36] [37] [38] . The formation of nanostructured CuInSe 2 inside the pores of the PSi template was studied also by XRD. Figure 7 shows the XRD results for the electrodeposition of one-dimensional CIS growth into the pores of PSi template substrates. According to this graph, three main peaks can be observed at 26.80 ∘ , 44.42°and 52.39°, respectively, which correspond to the diffraction pattern of CIS at (112), (220/204) and (312) polycrystalline reflections (PDF 40-1487). XRD measurements from nanostructured CIS had to be performed separately for each individual peak by using the appropriated setting values in the XRD equipment. For that, the peaks associated to (112) and (220/204) and (312) planes, had to be increased by a factor of 100, in order to represent them in the same XRD graph with the peaks corresponding to Si from the PSi template and Mo from the glass/Mo substrate. The reason for doing this, was that the intensity of the diffraction patterns of Si and Mo was very high compared to that of nanostructured CIS. Also a large peak located at 61.56 ∘ can be observed which could correspond either to that of elemental Se with hexagonal structure (PDF 27-0601) or to the Cu 2−X Se (PDF 47-1448), both considered as secondary phases detected by Raman spectroscopy. XRD measurements in the BB mode were performed on glass/Mo/2.5 µm-PSi template instead on glass/TCO/2.5 µm-PSi template substrates, because the main peak (112) of CIS is located at the same main peak position of TCO (SnO 2 :F). It is important to clarify that it was not possible to perform GIXRD measurements on these samples even by modifying and adjusting the setting of the XRD equipment to selected incident angles such as 0.2, 0.3 or even 0.5 deg, because the only response detected was that of Si from the PSi template. By doing this experi-ment we have confirmed that the obtained XRD spectrum corresponds to the infiltration of CIS into the PSi template, i.e. to the CIS nanowires not to the CIS deposited on top of the PSi template surface. As part of the optical characterization, we have made a rough estimation of the band gap value of the electrodeposited nanostructured CIS using Tauc equation by plotting hν vs (αhν) 2 , taking into account the linear behavior near the absorption edge and extrapolating with a straight line when (αhν) 2 = 0 and Eg = hν [39] . The absorption coefficient (α) was calculated from transmittance measurements (T) by using equation (15) [40] :
where d is the thickness of the CIS layer and R = [(n − 1)/(n+1)] 2 , considering the air as one of the media.
In our case, according to FIB/SEM images ( Figure 5 ), the length of the ID CIS nanostructures is ∼300 nm but the pores of PSi template are not filled, and moreover they contain also CIS nanoparticles which can be observed along the thickness of PSi template. So that we have considered an effective media and we propose some different values for thickness d = de. In all the measurements we used an empty glass/TCO/PSi template substrate as our reference in order to record just the nanostructured CIS optical response. Under such conditions the estimation of band gap value would be 2.33 eV. However, according to Omata et al. [41] , the CIS band gap value is expected to increases rapidly from 1.5 to 3.2 eV, as the diameter of nanoparticles decreases from 6 to 1 nm. Therefore, it is reasonable not to expect a drastic change in the band gap value because the average pore diameter value is ∼20 nm; a 2.33 eV band gap value for nanostructured CIS would not be consistent with the results. Also, when considering a partial CIS filling, i.e. 25%-30% of the total PSi template thickness, de would be close to 600-800 nm, so under these conditions the calculated band gap would be in the range of 1.39-1.7 eV. However, according to FIB/SEM images ( Figure 5 ), the thickness of the one-dimensional CIS nanostructures is ∼300 nm, so the band gap would be in the range of 1.10-1.29 eV, where the lowest value (∼1.10 eV) corresponds to an as-deposited CIS thin film. This increase can only be attributed to the nanometric size effects of CIS confined by the pores of the PSi template [42] . On the other hand, Figure 8 also shows the band gap value (2.78 eV) of an empty glass/TCO/PSi template.
The influence of secondary phases such as Cu 2−x Se (Eg ∼ 2.21-2.39 eV) and elemental Se (Eg = 1.6 eV) formed during electrodeposition on the band gap value of onedimesional CIS nanostructures, must be avoided. In such case, the bottom-up method to grow one-dimensional CIS nanostructures by electrodeposition would prove to be a reliable way to grow this type of nanostructured materials.
Conclusions
While the ED of CIS thin film on glass/TCO (Mo) substrates can be straightforward, its confinement into PSi templates opens the possibility of band gap tuning. It was demonstrated that nanostructured CIS can be formed by ED into pores of 20 nm average size diameter and 2.5 µm-PSi template substrates by applying a potential value of −0.7 V vs. SCE during 3 min, using an aqueous buffered bath. The minimum in the current transient curve and FIB/SEM images confirm the partial filling process of pores. The formation of nanostructured CIS was also confirmed by XRD studies. FIB/SEM images showed that the thickness of the one-dimensional CIS nanostructures is ∼300 nm; for such a value it would correspond to a band gap in the range of 1.10-1.29 eV. Such an increase could be attributed to the nanometric size effects of CIS confined by the pores of the PSi template. Additionally, it was demonstrated that it is possible to obtain by ED, nanostructured secondary phases based on CuxSey, which have recently being reported as biocompatible photothermal material for cancer therapy.
